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I. INTRODUCTION
The micro-ramp vortex generator is a device intended for the passive control of boundary layer flows. It has been receiving research interests because of its attributed ability of reducing flow separation caused by shock wave boundary layer interaction (SWBLI), which is encountered in numerous aerospace applications, such as supersonic inlets and propulsion-wing or -fuselage interactions. Bleeding is the conventional approach of boundary layer control for performance improvement in the supersonic inlet 1 .
However, with the extraction of a considerable amount of low momentum fluid in the near wall region, a larger inlet area is required at the expense of additional drag and weight in addition to other disadvantages. Ramp-shaped vortex generators with a height larger than the boundary layer thickness have also been applied for boundary layer control in the supersonic regime 2 . They effectively reduce the flow separation imposed by the SWBLI, however at the cost of a significant increase of aerodynamic drag. Microramps with a height less than the boundary layer thickness interact with the lower momentum layer of flow and their effect concentrates on the most turbulent part of the boundary layer. They have been recently proposed as a novel type of boundary layer control technique because they appear to maintain effectiveness in reducing flow separation, while producing a smaller drag increase when compared to larger ramps.
Many efforts have so far already been devoted to evaluate the effectiveness and clarify the working principles of the micro-ramp. The review paper from Lin 3 summarized the applications of micro-ramps prior to the year 2002 and several other applications were later reported [3] [4] [5] [6] . Although its overall effectiveness is demonstrated through those studies, the detailed working mechanism of the micro-ramp is not yet fully understood.
Convinced by the successful implementation of micro-ramps in a large body of applications, Anderson et al. 7 and Hirt et al. 8 performed optimization investigations of micro-ramp arrays. In the computational study of Anderson et al., several geometrical parameters including micro-ramp height (h), chord length (c), element spacing (s), the distance between the micro-ramp and interaction region (xp) and the number of elements (n) were considered as inputs. The response parameters were total pressure change across the SWBLI (∆P/P0) and transformed shape factor (Htr). The response surface method (RSM) was used to determine the optimal design, but Htr is not minimized in the design space as ∆P/P0 is maximized. In the study of Hirt et al., only h, c and s were taken as inputs, while the boundary layer thickness δ and the incompressible shape factor Hinc were chosen as response parameters. The RSM result showed that Hinc can be decreased at the cost of increasing δ. Therefore optimization for one parameter is at detriment of the other which requires trade-off consideration.
Based on the shape of the micro-ramp suggested by Anderson et al. 7 , several detail studies on the effects of micro-ramp towards SWBLI were carried out experimentally and numerically. Herges et al. 9 visualized the flow fields before and behind the interaction region using particle image velocimetry (PIV) in five planes at different spanwise locations. A wake region with u-component deficit developing behind the trailing edge was revealed within the cross-flow planes (y-z planes). This wake region structure was later confirmed by the numerical studies of Lee et al. 10 and Li et al. 11 using
Monotone Integrated LES (MILES), through which the instantaneous properties of the wake could be studied. Notwithstanding the geometrical symmetry of the element, the instantaneous wake is not symmetrical to the center plane, with the primary counter rotating vortex pair that is located inside the wake displaying a meandering behavior. A few other effects related to the Mach number 12 , geometry variations of the micro-ramp 13 and declining angle of the trailing edge 14 were given specific attention as well.
Some detailed investigations on the micro-ramp flow upstream of the interaction region were also carried out in order to understand the fundamental aspects of the flow generated by a single micro-ramp. Babinsky et al. 15 inferred the flow topology from oil flow visualizations, and a model describing the streamwise vortices organization was formulated. According to Babinsky's description a primary counter rotating vortex pair and several secondary vortices emanate from the micro-ramp. The primary vortex pair is dominating the streamwise flow and is considered to play the major role in the boundary layer control. The downwash motion induced on the sides of the vortex pair transports high momentum fluids towards the wall, which results in a stronger capability of enduring the adverse pressure gradient across shock waves.
Blinde et al. 16 studied experimentally the micro-ramp flow in a supersonic boundary layer with stereo-PIV in planes parallel to the wall both in the inner and outer region of the boundary layer. Wall normal vortex pairs were observed in the instantaneous visualizations of the wake, which were interpreted as the cross sections of the legs of hairpin-like vortices. A flow model of a train of hairpins, similar to those naturally occurring on top of low-speed flow regions inside a turbulent boundary layer, developing downstream of the micro-ramp was thus conjectured.
The numerical study by Li et al. 11 visualized a train of vortex rings produced by K-H instability. Therefore the organization of the flow only in part agrees with the model deduced from the experiment of Blinde et al. 16 , in particular the legs of vortices do not appear to align with the floor like hairpins as proposed by Blinde et al. Instead, they rather appear to have a ring shape belonging to a plane that is only slightly inclined to the wall normal direction. The ring vortices were proposed as a new working principle for the control of SWBLI, although their role in preventing boundary layer separation has not been fully explained.
The vortex-dominated structure of the upper part of the wake has been confirmed also by laser sheet visualization performed by Lu et al. 17 , where the seeded-unseeded interface pattern revealed K-H structures developing downstream of the micro-ramp.
According to the explanation by Lu et al., the K-H instability structures would develop as a secondary instability of the streamwise vortex pair, which is more stable in the region close to the micro-ramp and breaks down downstream into the roller structures at the interface. The process is regarded to be highly intermittent as due to the local destabilization of the vortex pair. This latter model is in contrast with the previous two where no mention is made of the interaction between the streamwise vortices and the hairpin-or ring-shaped vortices.
Similar features have been observed in the flow around comparable structural elements, such as the mixing tab. This device is applied as a mixing device to strengthen momentum and heat exchanges, although it is larger in size and is typically used in the low speed flow regime. The top surface of a mixing-tab also features a contraction like a micro-ramp to induce the formation of a streamwise vorticity, and the resulting flow past both elements is therefore expected to present a similar organization. A conceptual model formulated by Gretta et al. 18 illustrates the instantaneous vortex structure containing the streamwise vortex pair wrapped up by hairpin-like vortices. Therefore, the hairpins generated by the mixing-tab have a similar appearance to those proposed by Blinde et al. 16 , whereas this model containing two types of vortices simultaneously contradicts that proposed by Lu et al. 17 . A following experimental research on the mixing-tab by Yang et al. 19 using PIV visualized cross-sections of heads and legs of the hairpins. Another important conclusion regarding the life-time of the vortices in the resulting flow was reached: in the wake close to the mixing-tab, the streamwise vortices are strong, however, they vanish after only 1.5 to 2.0 tab heights, depending on the Reynolds number. The flow is afterwards dominated by the hairpins, which can still be observed at approximately 12 tab heights downstream. Although the persistence of the streamwise vortex pair is not clearly mentioned in the studies on micro-ramps, vortex-rings visualized by Li et al. 11 were still visible even after the interaction regions.
The questions emerging from the review of current work on the flow past microramps are first the interaction between the supposedly steady streamwise vortex pair and the K-H vortices present at the wake interface. Moreover, the structure of the turbulent fluctuations downstream of the micro-ramp needs to be characterized statistically if any comparison is to be attempted between different experiments and computer simulations.
Given the three-dimensional nature of the problem and the need to characterize the unsteady large-scale flow organization, three-dimensional measurements are performed in this study by the use of tomographic PIV (Elsinga et al. 20 ). This technique has already been proven successful for the study of supersonic boundary layer turbulence by Elsinga et al. 21 and shock wave turbulent boundary layer interactions by Humble et al. 22 and as such it is considered at a stage of sufficient maturity to measure the three dimensional flow past a micro-ramp under the considered flow conditions. Dedicated planar PIV measurements were carried out to characterize the properties of the undisturbed turbulent boundary layer. The digital resolution of the measurements is 81.1 pixel/mm, and the laser pulse time separation is set to t=0.6 s such that the free stream particle displacement is equal to 300 m (36 pixels Table I . It should be noted that the free stream velocity U∞ is used as a reference velocity for normalization and labeled as Uref.
The boundary layer profile including log law fit is shown in figure 1 
C. Tomographic particle image velocimetry (Tomo-PIV)
Tomo-PIV is a 3D velocimetry technique based on the principles of optical respectively, with an average digital image resolution of 43.7 pixels/mm. Each camera was equipped with a Nikon 105 mm focal length objective. Camera-lens tilt adapters were attached to guarantee the Scheimpflug condition between the image plane and the illuminated median plane. The two cameras in forward scattering were set to f#=16, and the camera normal to the measurement volume was set to f#=11. The Tomo-PIV recording parameters are summarized in Table II . The Davis 7.4 software package was used for data acquisition and processing (volume calibration, self-calibration, image preprocessing, reconstruction, and threedimensional cross-correlation). The volume calibration was performed using three parallel planes located at equal intervals of 3 mm. The particle images were preprocessed by subtracting the time-minimum pixel intensity to reduce the overall background intensity. Furthermore, Gaussian smoothing with a 3 3 kernel was applied to reduce image noise. The particle images were interrogated using volumes with final size of 64 64 64 voxels and an overlap factor of 50%. Spurious vectors were removed and replaced through linear interpolation of surrounding vectors. Due to laser light reflections, the region close to the wall could not be accessed and was therefore excluded from the analysis. 
D. Uncertainty Anlysis
The experimental uncertainty is dominated by that of the PIV measurement technique in the present investigation. The finite data ensemble size affects the uncertainty of statistical estimators; the precision of velocity measurement by crosscorrelation rules that of the instantaneous velocity and vorticity. The latter is further depending upon the measurement spatial resolution.
Based on the ensemble of N=400 uncorrelated velocity fields produced in the tomo-PIV measurement, the statistical component of velocity uncertainty is estimated to be 0.8%Uref inside the wake region, where the largest velocity fluctuations occur.
Correspondingly, the uncertainty of <u'> and ' ' uv are estimated to be 0.05<u'>max and 0.5( '' uv)max in the wake region, respectively.
The cross-correlation of the digital particle images also produces random uncertainty onto the measured instantaneous velocity field. A value of 0.2 voxels is conservatively assumed for the present tomo-PIV 22 , which corresponds to approximately 0.5% of the free stream velocity.
The PIV measurements are conducted at finite spatial resolution. The measurement element is a cube of 1.3 1. The slip of tracer particles with respect to the surrounding fluid is another systematic source of velocity uncertainty. The particle slip uncertainty is proportional to the particle response time τp (τp≈1.92 s for DEHS according to Ragni et al. 24 ) and the particle acceleration ap. Strong rotation is imposed by small-scale vortical structures. The particle acceleration is estimated to be 5 10 6 m·s -2 . As a result experimental erros due to particle slip yield an uncertainty of approximately 2% Uref.
As the present work focusses on the vortical structures and their spatial organization, the uncertainty estimation for vorticity is essential. The vorticity is calculated by spatial central difference. Based on error propagation theory and neglecting the uncertainty on the window spacing, the precision error for the vorticity can be estimated through the expression:
, where the denominator indicates the averaging of the two velocity components by the coefficient 2 . The factor 4 is the result of the twice the vector spacing (finite differences) and the interrogation windows overlap factor by 50%. As a result, the random error on the vorticity is approximately 10%ωmax. The peak vorticity is systematically underestimeted due to finite resolution as also discussed for the velocity.
The typical error associated to signal modulation takes into account the interrogation block size, the kernel used for finite differences and a post-processing operation that applies a Gaussian filter to the vorticity field. The estimated error on the peak values is between 20% and 30% of the maximum vorticity.
The uncertainty parameters are summarized in Table III. TABLE III According to the u-component contours in figure 6 , the wake appears as a region with a rather circular cross section featuring two counter-rotating streamwise vortices and On its lower side, the wake flow is affected by the presence of the wall, where the non-slip condition is applied. The bottom part of the wake consequently exhibits different properties compared to the top part which is boarding on the free stream. 
IV. INSTANTANEOUS FLOW ORGANIZATION
In this section, the analysis focuses on the instantaneous velocity pattern, and the vortical structure is later elaborated upon. Furthermore, the interaction between the two categories of vortices that are observed in the flow field, namely the primary streamwise vortices and the K-H vortices is investigated.
A. Instantaneous velocity structures
For ease of interpretation the discussion of the instantaneous three-dimensional velocity structure will initially be approached through the observation of flow patterns in cross-sectional planes. The volumetric representations of the velocity field are then subsequently presented to provide a global view of these patterns in three-dimensions. The vortex pair is seen to exhibit significant variations in its spanwise position.
Moreover, the vortices can appear profoundly distorted with respect to the time-averaged flow field presented before. Nevertheless, the basic structure with a pair of counter-rotating vortices is maintained and the momentum deficit concentrated at the vortex cores is observed in most of the realizations.
The vortex pair is no longer symmetric along the median plane at z/h=0, and the edge of the wake region is not as regular as in the mean flow. A significant difference can be observed in the first two plots of figure 11 , where a high velocity pocket is generated above the wake region. This distinctive flow feature can be explained through the longitudinal x-y cross-section along the median plane, as shown in figure 12 (the crosssections in figure 12 and figure 11 (a) are extracted from the same snapshot). A volumetric representation is employed to further illustrate the velocity pattern in a three-dimensional way. This is performed by selecting three values of the ucomponent that allow visualization of typical flow field features by the iso-surfaces plotted in figure 13 . It should be noted that the flow fields in figure 13(a,b) are from Measurement I and they represent the same snapshot as figure 12, while figure 13(c,d) are from Measurement II. The local high speed regions induced by the presence of the K-H vortices are shown in pink (u=1.02Uref) while the low speed regions (u=0.8Uref) below the K-H vortices are shown in green. In figure 13(a) , it can be seen that the high speed regions span the whole measurement volume, while they tend to bend towards the wall when moving further in spanwise direction (see figure 13(c) ). In combination, it can be concluded that the high speed regions, hence, feature an arc-shaped form. For the low speed regions depicted in green, the spanwise orientation is less pronounced although it is clear that they appear in combination with the high speed regions confirming the presence of the K-H vortices. representation. In the instantaneous flow, however, due to the local backward flow effect induced below the K-H vortices, the low-speed region develops into several packets as depicted in figure 13(a,c) . Since the high speed packets are the result of the K-H instability, the resulting vortices are expected to obtain a similar arc-like shape. This can be validated by visualizing the velocity field in the x-z plane, see Figure 14 . In order to visualize the imprints of the vortices, the u-component is plotted in a convective frame of reference (similar to figure 12 ). Figure 14 Yang et al. 19 , similar pairs of secondary vortices were observed and they were further identified as the imprints of secondary hairpin vortices whose head cross sections could be observed in the wall normal plane containing the streamwise direction. This category of secondary hairpins was later testified by the study of Dong et al. 26 through direct numerical simulation (DNS). However, the cross section of the head part of the secondary hairpin can not be observed in figure 12 . The reason could be that this secondary hairpin is rather weak and just appears as fragments.
So far the instantaneous velocity patterns have been discussed and highly threedimensional effects are observed. The visualization of the K-H instability confirms the computational results by means of LES of Li et al. 11 and the qualitative experimental observations by Lu et al. 27 .
B. Coherent vortical structures
Studying the predominant coherent structures will aid in understanding the turbulent flow field generated by the micro-ramp and provides a first insight into its dynamics. The two most important vortical structures that are observed are the counter rotating streamwise vortices and the K-H vortices in the shear layer. In order to fully understand the working principle of the micro-ramp, it is important to understand the interaction between these vortical structures.
In figure 15(a) , a snapshot of the streamwise vortices is shown by plotting the isosurface of ωx, the different colors denote opposite signs of vorticity (positive in green and negative in pink). In figure 15 
C. Analyis of vorticity interaction
The interaction between the system of K-H vortices and the streamwise vortex pair is studied. The vorticity vector is decomposed along the streamwise and the spanwise () The typical distributions of the vorticity integrals from one snapshot are shown in figure 16 . It should be noted that the negative peak of the normalized vorticity integral means a local minimum instead of a negative vorticity integral. The top view included in figure 16 illustrates the three-dimensional pattern of the instantaneous vorticity to clarify the relation between the vorticity integrals and the spatial organization of the flow. 
V. TURBULENCE PROPERTIES
With the mean flow pattern and the instantaneous coherent structures established, the statistical turbulent flow properties, such as fluctuations across the circular shear layer will be characterized in this section.
A. RMS of the velocity field
The It is also worthwhile to pay some attention to the Reynolds stresses at the bottom part of the circular shear layer. Since no peak value is observed there, the turbulence strength is not as prominent as those in the top part. It could be attributed to the weaker shear layer at the bottom part due to the presence of the wall. Finally, one can also observe that the strength of the streamwise vortices is decreased immediately downstream of the head region of a K-H vortex. These conclusions are consistent with the observation inferred from the instantaneous vorticity fields. In contrast, the conditional average cannot return any information on the phenomenon of the unsteady vortex meandering because spanwise oscillations of the vortex system would be averaged out in the present procedure.
VI. CONCLUSIONS
An experimental study has been carried out to investigate the three-dimensional instantaneous organization of the flow generated by a single micro-ramp in a Mach 2.0 supersonic boundary layer using tomographic PIV. Tomographic PIV has proven to be a well-suited approach for investigating the flow generated by a micro-ramp. It reduces the complexity and ambiguity of interpreting a three-dimensional flow organization from cross-sectional visualizations alone, through providing instantaneous volumetric information.
The measurements agree qualitatively with previous studies that show that the mean flow displays a streamwise wake region coming from the trailing edge of the micro-ramp, encompassed by a circular shear layer at its outer edge. A counter-rotating vortex pair which is symmetrical to the center plane of the micro-ramp is produced, and contained within the wake. Both the wake and vortices are lifted when travelling downstream.
With regard to its instantaneous structure, the flow exhibits features with significant differences to the mean organization. A train of arc-shaped vortices is produced through the Kelvin-Helmholtz instability occurring in the approximately circular shear layer that bounds the wake. These K-H vortices do not show up in the mean flow field because of the averaging process.
The streamwise counter-rotating vortex pair still persists in the instantaneous flow, however, they exhibit an undulating behavior. The two streamwise vortex cores tend to become closer under the head of K-H vortex due to the ejection event resulting from the K-H vortex. The arc-shaped K-H vortices are also influential to the instantaneous flow pattern. The vortex rotates in the clockwise direction; as a result, on top of the vortex there is local acceleration, with local deceleration being below the vortex accordingly.
These local activities produce local high speed and low speed regions outside and inside the wake respectively, which also tend to display as the shape of arc. Since the strength of the K-H vortex varies, the corresponding local high speed and low speed regions may appear only partially. The interactions between the streamwise vortices and K-H vortices make the flow inside the wake rather complex and the low speed region hence exhibits variations.
